On the room-temperature phase diagram of high pressure hydrogen: An ab initio molecular dynamics perspective and a diffusion Monte Carlo study
Solid hydrogen is known as a typical quantum material in which each molecule exhibits large zero-point energy and nuclear delocalization. [1] [2] [3] [4] [5] The solid-hydrogen phase diagram is greatly modified by accounting for such nuclear quantum effects (NQEs). [6] [7] [8] [9] This typical quantum solid has actually attracted a number of theoretical and experimental researchers who adopted Raman scattering, 10, 11 neutron scattering, [12] [13] [14] optical Kerr effects, 15 lattice dynamics calculations, 16, 17 and path integral molecular dynamics (PIMD) simulations based on ab initio electronic potentials [6] [7] [8] [9] 18 or spherical SilveraGoldman (SG) model potentials. 19 Pressure-induced structural changes have been reported by a combination of synchrotron experiments and density functional theory (DFT)-based PIMD calculations. [6] [7] [8] [9] [10] 20 The hexagonal close-packed (h.c.p.) structure is stable under relatively low external pressure, while pressure-induced orientational ordering accompanying a solid-solid phase transition was reported. Validity of the DFT descriptions in terms of an effective hydrogen interaction is however limited to very high density or pressure since most DFTs neglect the long-range dispersion interaction. 18, [21] [22] [23] The dispersion interaction is empirically included in the spherical SG model or in Lennard-Jones model potentials, 24 but its transferability to different phases is not obvious. 19 Additionally, these PIMD simulation methods are appropriate for ensemble averages but not for real-time dynamics of each molecule. [3] [4] [5] In these senses, solid H 2 under vapor pressure still remains open for further investigations. 11 We recently proposed a simulation method of nuclear and electron wave packet molecular dynamics (NEWPMD) based on non-empirical ab initio intra-and inter-molecular interactions of non-spherical hydrogen molecules where a) kim@kuchem.kyoto-u.ac.jp important NQEs of a hydrogen nucleus are non-perturbatively taken into account. [25] [26] [27] It reproduces the long-range dispersion interaction depending on an intermolecular angle and thus gives the correct structures and transport properties such as diffusion coefficients and viscosities of liquid H 2 under vapor pressure without any empirical parameters. 25, 26 This paper reports the first study with the NEWPMD method on real-time dynamics of low-pressure H 2 molecular solids. We provide intuitive understandings of real-time dynamics of each H 2 molecule including its angular and intramolecular degrees of freedom as well as asymmetric lattice phonon modes which are intrinsic to solid H 2 under vapor pressure.
The NEWPMD approach describes nuclei by floating and breathing Gaussian WPs via the time-dependent Hartree approach, and EWPs by the perfect-pairing valence bond theory that appropriately treats the Pauli exclusion energy and intermolecular dispersion energy. [25] [26] [27] It is thus distinguished from most of the previous nuclear wave packet (NWP) approaches in which a potential surface was given in advance by a separate modeling and, in many cases, expanded quadratically around the moving NWP centers to perturbatively take into account the NQEs. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] We set up 211 H 2 molecules at the saturated vapor pressure; the molar volume, 23.06 × 10 −6 m 3 /mol, is taken from the saturated vapor pressure line at temperature ranging from 2.5 K to 13 K. 1 In cooling and equilibration runs started from the initial h.c.p. structure with randomly oriented H 2 molecules, atomic center momentum degrees of freedom are influenced by velocity scaling thermostat and Berendsen methods with each temperature. After the careful cooling and equilibration runs, we carried out NVE (microcanonical) simulations for 300 ps.
First visualization of dynamics in a solid state is given as real-time movies including H-H bond vibrations, molecular orientations, and librational dynamics. 38 Throughout our 300 ps simulation, H 2 molecules maintain the h.c.p. lattice structure without any extra restriction on their molar coordinates. As shown in Fig. S1 , 38 the mean square displacements almost linearly depending on the temperature indicate that each H 2 molecule stably oscillate around each lattice site without translational diffusion. The schematic h.c.p. lattice configuration is shown in Fig. 1(a) . Figure 1(b) shows the two-dimensional (2D) radial distribution function (RDF) defined in Fig. S2 38 where the 2D RDFs at the other temperatures are provided. The first peak at r = 3.8 Å, which corresponds to a in Fig. 1(a) , reflects nearest H 2 molecules on the same xy-plane and thus has a peak around cos θ = 0. However, the one-dimensional (1D) cos θ-distributions have two split peaks just avoiding cos θ = 0 as in Fig. S3 . 38 This contrasts with the H 2 liquid case where the θ-distribution has a broad peak around cos θ = 0, 25, 26 indicating that in the vapor pressure H 2 solid, most stable adjacent structure is not the T-shape as in the liquid case but the mutually deviated zigzag structure. The first peak is almost split into two peaks at 2.5 K reflecting the diatomic structure of nearest H 2 molecules (see also Fig. S4 ). 38 The split two peaks exhibit the similar distribution along the angular coordinate cos θ in support of the stable and periodic molecular structure on the h.c.p. lattice. The similar angular distribution at the distance a is kept even at 13 K although the splitting of the first peak is smeared out reflecting enhanced orientational and lattice phonon motions at the higher temperature. In the liquid case, the angular fluctuation was smaller in the shoulder at the closer radial distance than in the main peak. 25 The second peaks on the cos θ = −1 and 1 lines correspond to second nearest H 2 molecules on the nearest x y-plane with the distance r = √ 2a; the second nearest H 2 molecules tend to be parallel to the central H 2 molecule. The radial distance where the third peak appears agrees with the distance from the second nearest xy-plane, c, in Fig. 1(a) . The angular distribution of this third peak is consistent with the zigzag configuration. The fourth peaks at 7.6 Å, i.e., 2a, come from the second-nearest parallel configuration on the same xy-plane.
The solid 2D RDF exhibits the long-range periodic structure up to the fourth peak even at 13 K; the peaks and valleys of the solid 2D RDF become broader but are not deviated to larger distance nor broken. These are indicative of stable and periodic solidification of H 2 molecules, in contrast with the liquid case where the relative angle θ symmetrically distributed near 90
• and the distribution became more uniform with larger radial distance. 25 The distribution along cos θ is asymmetric in the solid 2D RDF. This asymmetric distribution stems from the non-uniform ordered zigzag structure of the solid crystal. In fact, we obtain the symmetric cos θ-distributions by integrating the solid 2D RDF over the radial coordinate r as shown in Fig. S3 . 38 2D angular distributions of φ x y and φ z at different temperatures are displayed in Fig. 1(c) . The 2D distributions have periodic peaks at φ x y = 30
• , 90
• , and 150
• . These constant 60
• intervals as well as the periodic peaks around φ z = 70
• and 110
• indicate the periodic solid structure under vapor pressure. The long peaks along φ z = 0
• and 180
• indicate that H 2 molecules tend to align along z-axis. The other angular distributions are provided in Figs. S5 and S6. 38 The non-uniform distribution indicates that the H 2 molecules are not rotating freely but are under anisotropic molecular interaction on the h.c.p. lattice. Actually, the 2D RDFs of the H 2 liquid at higher temperature exhibit a peak around θ = 90
• in their first peak reflecting the most stable T-shape structure; the θ-distribution then becomes uniform with increasing the radial distance, which indicates that a H 2 molecule becomes free from the external potential. 25 The current periodic angular distributions of the H 2 solid demonstrate that the rotational order is relatively conspicuous all over the vapor-pressure solid. We emphasize that the   FIG. 1. (a) Schematic h.c.p. lattice structure of solid H 2 under vapor pressure, (b) 2D RDFs, and (c) 2D angular distributions at 2.5 K and 13 K. The 2D RDFs of solid H 2 exhibit long-range periodic structures. The most stable solid configuration of adjacent molecules is a zigzag structure and H 2 molecules in the vapor-pressure solid are not a completely free rotor. current periodic angular distribution was naturally obtained from randomly oriented H 2 molecules on the initial h.c.p. lattice.
The phonon frequency of solid hydrogen is highly sensitive to pressure; the frequency shifts from 36 cm
for the vapor pressure solid to approximately 1000 cm −1 for a high-pressure solid at 150 GPa. The large frequency shift of phonon modes provides an important test of the current intermolecular potential including the attained pressure and indicates significant difference between the phonon dynamics under vapor pressure and high pressure. 15, 20, 39 Figure 2(a) shows power spectra for real-time distance of each hydrogen atom in the space-fixed frame. At all the temperature, a peak around 40 cm −1 is observed, which is close to the experimental E 2g phonon mode frequency of 36 cm −1 for the vapor-pressure H 2 solid. 20 We assign this peak frequency, 40 cm −1 , to the phonon frequency of the current h.c.p. lattice because of the following features: (1) The peak intensity increases almost linearly depending on the temperature, which reflects temperature-dependent lattice phonon fluctuations. (2) The peak frequency is not red-shifted but maintains the frequency of 40 cm −1 throughout all the temperatures, indicating stability of the lattice. (3) As in Fig. S7 , 38 the spectral intensity of the z-coordinate is much larger than the intensity of the x-and y-coordinates, which originates from the asymmetric lattice phonon modes based on the asymmetric h.c.p. structure. (4) The peak of 40 cm −1 with features (1)-(3) was absent in liquid H 2 . 25 The high energy edge of the phonons up to mid-100 cm −1 is also similar to the experimental observations of neutron scattering. [12] [13] [14] The agreement with experiments of the phonon frequency, which is highly sensitive to external pressure, ensures that this simulation realized the vaporpressure solid.
The power spectra for the real-time intermolecular angle θ(t) have the peaks of approximately 250 cm −1 which we assign to librations of H 2 molecules rather than to rotational motions ( Figure S8) . 38 As shown in Fig. 2(b) , while the lattice phonon frequency is rather insensitive to the temperature, the redshift of the librational frequency reflecting softening of the local structure at the higher temperatures supports the current libration picture. Indeed, the temperature dependence of the librational frequency is more significant in the liquid cases at 14 K and 25 K where the larger changes of the local T-shape structure occur. 25 The largest frequency change, the discrete jump of the frequency between 13 K and 14 K, is rationalized by the drastic structural rearrangement and thus demonstrates the liquid-solid phase transition. The reasonable agreement with the experimental transition temperature endorses the accuracy of the intermolecular interactions. The above insights are further supported by the power spectra of the molecular angles in Fig. S5. 
38
The H-H bond r HH is significantly fluctuating depending on the temperature even in the vapor pressure solid H 2 and cannot be treated as a fixed bond as shown in Fig.  S9(a) . 38 The average H-H bond length at every temperature is summarized in Fig. 3(a) . They all agree with the experimental data within an approximately 1% error. 27, 40 The average H-H bond length is longer at the lower temperature, which is nontrivial but agrees with the experimental finding in the vapor-pressure solid and liquid. 40 In the vapor-pressure solid, the H-H bond is effectively elongated by an attraction from an electron distribution in a bonding region of adjacent H 2 molecules as the crystal structure becomes more stiff. The larger rearrangement in local structures of the liquid than the solid rationalizes more significant temperature dependence of r HH in the liquid. The discrete jump of the bond length between 13 K and 14 K again reflects the phase transition.
The H-H vibrational frequencies defined as the peak frequency of the power spectra in Fig. S9(b) 38 are summarized in Fig. 3(b) . The H-H frequency is overestimated compared to the experimental data around 4149.6 cm −1 1,10 by 11% that would be irrelevant to the discussions in this work. The H-H bond is stretched in the rigid structure at the lower temperature as discussed above, and, due to the resulting weakened bond potential, the vibrational frequency is red-shifted with decreasing the temperature. The calculated frequency jump caused by the phase transition is approximately 4 cm −1 which is close to the experimental frequency jump of 2 cm nuclear WPs. 10 The less sensitive temperature dependence of the H-H vibrational frequency in the vapor-pressure solid than in the vapor-pressure liquid indicates smaller structural rearrangements in the stiff solid phase, being in agreement with the experimental tendency. 1 Analyses of the NWP beating motion anticorrelated to the H-H stretching mode are reported in Fig. S10 . 38 This paper provided the dynamical and structural views of the low-pressure H 2 molecular solids with the real-time dynamics of each nonspherical H 2 molecule including its H-H bond vibrations, angular motions, NWP beatings, and phonon modes of the h.c.p. lattices. The discrete jumps of the librational frequency, average H-H bond length, and vibration frequency at the liquid-solid phase transition under vapor pressure are computationally found and analyzed in comparison with the vapor-pressure liquid and high-pressure solid.
The peak positions of the angular distribution such as the constant 60
• intervals are in harmony with the high-pressure phase I solid. 6 However, the current thermodynamic points, vapor pressure and temperatures below 25 K, are different from thermodynamics states where high-pressure phase I solids have been discussed. The present vapor-pressure H 2 solid simply connects to the vapor-pressure H 2 liquid: the blueshift of the H-H vibrational frequency with increasing the temperature simply links to the density decrease along the saturated vapor pressure line. The similar blueshift of the H-H vibrational frequency was observed in the experiments on the vapor-pressure solids and liquids. 1 The high-pressure phase I solid exhibits the completely opposite tendency: the H-H bond length decreases with increasing the pressure up to 30 GPa, indicating simple compression of each hydrogen molecule. 40 The current H 2 molecules closely interacting each other on the h.c.p. lattice are not a free spherical molecule due to the asymmetric external interaction potential.
The insights obtained here suggest that solid-phase hydrogens constitute a new class of molecular quantum crystals even under vapor pressure that should be characterized by anisotropic molecules with angular and intramolecular degrees of freedom. Our work has initiated a quantitative trace of H 2 single molecule dynamics even in a solid phase and has wide scope for extensions in various thermodynamic phases including orientational ordering accompanying a phase transition. 41 Directly obtained information on angular degrees of freedom and H-H vibrations as well as lattice phonon modes will play an essential role in monitoring thermodynamic states of condensed hydrogens. 
